ABSTRACT Functionally inverted plasma membrane vesicles isolated from the eukaryotic microorganism Neurospora crassa catalyze Mg2+/ATP-dependent Ca2+ uptake. Inhibitorinduced efflux studies and isotope-exchange experiments indicate that the Ca2+ is accumulated inside the vesicles against a concentration gradient of about 40-fold, and that the majority of the transported Ca2+ is present essentially in free solution.
cation specificities indicate that the energy for CaS+ accumulation is derived from ATP hydrolysis catalyzed by the electrogenic plasma memnbrane ATPase. Energized Ca2+ uptake is stimulated by the permeant anion SCN-to a degree that varies reciprocally with the ability of this anion to dissipate the membrane potential, and is inhibite by K+ in the presence of nigericin. All of these. data point to the conclusion that the active transport of Ca2+ across the Neurospora plasma membrane takes place via a Ca2+/H+ antiporter, which functions to pump Ca2+ out of the intact cell, An earlier report from this laboratory (1) described a novel method for the isolation of plasma membranes from the eukaryotic microorganism, Neurospora crassa, in high yield and purity. The method involves (i) coating the surface of intact cells of a cell wall-less mutant with concanavalin A to stabilize the plasma membrane against fragmentation and vesiculation upon osmotic lysis of the cells, (ii) separating the large, concanavalin A-stabilized plasma membrane sheets (ghosts) from other cellular constituents by low speed centrifugation5 and (ii) converting the topologically open plasma membrane sheets to closed vesicles by removing the& bulk of the concanavalin A with ca-methylmannoside: Subsequent communications (2, 3) described the biochemical properties of a Mg2+-ATPase in the isolated Neurospora plasma membranes, and another (4) demonstrated that the plasma membrane ATPase is an electrogenic pump, probably a proton pump. ATP hydrolysis catalyzed by the plasma membrane ATPase in functionally inverted plasma membrane vesicles gives rise to the generation of a transmembrane electrical potential (A&4, interior positive) that can be monitored by [14C]SCN-uptake or anilinonaphthalene sulfonate fluorescence enhancement. The advantages of the isolated Neurospora plasma membrane vesicles as a new experimental system for investigating eukaryotic surface membrane structure and function have been reviewed (5) .
At present, our major interests are in the molecular mechanisms of the electrogenic ATPase and any other transport systems that may be present in the Neurospora plasma membrane vesicles. In view of the widespread occurrence of epergydependent Ca2+-extrusion systems localized in plasma memThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
branes and the fact that significant numbers of the isolated Neurospora plasma membrane vesicles are functionally inverted, it seemed likely that these vesicles would possess an energy-dependent Ca2+-accumulation system which functions physiologically to extrude Ca2+. The experiments presented in this paper demonstrate that the Neurospora plasma membrane does indeed contain such an active transport system, in which the concentrative uptake of Ca2+ in functionally inverted vesicles is coupled, via a Ca2+/H+ antiporter* (6), to a transmembrane pH gradient generated by the plasma membrane ATPase.
METHODS
Preparation of Neurospora Plasma Membrane Vesicles. Plasma membrane ghosts were isolated in large quantities by a scaled-up modification of the original method (1) and stored at -20'C as a suspension in 60% (vol/vol) glycerol. As needed, portions of the ghosts were converted to vesicles by treatment with a-methylmannoside. The details of this technically simplified procedure for the routine preparation of Neurospora plasma membrane vesicles have been published (7) . Transport Assays.
[14C]SCN-(60 Ci/mol; 1 Ci = 3.7 X 1010 becquerels) and 45Ca2+ (5-10 Ci/mol) uptakes by the plasma membrane vesicles were measured essentially as described (4) . Vesicles were suspended in 10 mM 2-(N-morpholino)ethanesulfonic acid, adjusted to pH 7.3 with Tris base, and were assayed at 230C. When necessary, the pH of additional components of the transport assays was adjusted before addition to maintain the final pH of the assay at 7.3. Except for the data in Figs. 1 Fig. 1 . The proton conductor CCCP (10) markedly inhibited energized Ca2+ uptake, and vanadate, a potent inhibitor of the Neurospora plasma membrane ATPase (11) and consequently an inhibitor of Mg2+/ATP-dependent generation of Ai in the vesicles (unpublished results), was also a potent inhibitor of SCN-stimulated Mg2+/ATP-dependent Ca2+ uptake. It should be pointed out that CCCP and vanadate also inhibit Mg2+/ATP-dependent Ca2+ uptake to a similar degree in the absence of SCN-(data not shown).
The above results alone suggest that Ca2+ uptake catalyzed by the Neurospora plasma membrane vesicles is concentrative, is energized by the electrogenic plasma membrane ATPase, and operates via a Ca2+/H+ antiport mechanism. Additional support for each of these propositions will be provided in the following paragraphs.
Ca2+ Uptake Is Concentrative. As mentioned above, Neurospora plasma membrane vesicles appear to accumulate Ca2+ against a considerable concentration gradient. However, because accumulated Ca2+ in mitochondria (12), submitochondrial particles (13) , inverted bacterial plasma membrane vesicles (14, 15) , sarcoplasmic reticulum vesicles (16) , and plasma membrane vesicles of Halobacterium halobium (17) can be bound or present as a precipitate, the nature of the Ca2+ accumulated by the Neurospora plasma membrane vesicles was investigated to determine whether the uptake was truly concentrative. In most of the above experimental systems, Ca2+ uptake was carried out in the presence of anions, such as phosphate or oxalate, to promote the formation of C2+ precipitates in the intramembranous space. Because no such anion was provided in the experiments presented here, extensive precipitation is unlikely, although it is conceivable that inorganic phosphate liberated from ATP by the plasma membrane ATPase could enter the vesicles and precipitate the transported Ca2+. If precipitation of the transported Ca2+ or tight binding of Ca2+ to the inner surface of the vesicles were the sole reason for the apparent accumulation against a concentration gradient, then the accumulated Ca2+ should neither be readily released from poisoned vesicles nor be easily exchangeable with extravesicular Ca2+. Fig. 2 is not totally eliminated. Thus, in the light of the present information, we conclude that the majority of the transported Ca2+ present inside the vesicles is essentially in free solution, and that Ca2+ accumulation is therefore the result of concentrative uptake. The fact that CCCP and vanadate do not induce rapid and complete efflux of the accumulated Ca2+ is presumably a reflection of the carrier mechanism.
Ca2+ Uptake is Energized by the Electrogenic Plasma Membrane ATPase. The inhibitory effects of CCCP and vanadate on Mg2+/ATP-dependent Ca2+ uptake (Fig. 1) suggest that the electrogenic plasma membrane ATPase provides the energy for Ca2+ accumulation by the Neurospora plasma membrane vesicles. As previously shown, CCCP inhibits the Mg2+/ATP-dependent generation of a protonmotive force catalyzed by the electrogenic plasma membrane ATPase (4), presumably by facilitating transmembrane proton movements, and has no effect on ATP hydrolysis catalyzed by the ATPase (2). Therefore, the inhibition of C2+ uptake by CCCP implicates a protonmotive force and thus the electrogenic ATPase in the mechanism of Ca2+ uptake. On the other hand, vanadate inhibits ATP hydrolysis catalyzed by the plasma membrane ATPase and as a result abolishes electrogenic pumping by this enzyme. Thus, vanadate inhibition of Ca2+ accumulation by the vesicles also implicates the electrogenic ATPase in the energetics of Ca2+ accumulation.
Because electrogenic pumping by the plasma membrane ATPase is not affected by [ethylenebis(oxyethylenenitrilo)]-tetraacetic acid (EGTA) (data not shown), this enzyme is apparently not a Ca2+ pump (utilizing trace amounts of Ca2+, such as those present in many commercial ATP preparations, as the electrogenic species). However, the possibility was considered that the Neurospora plasma membrane contains a distinct Ca2+-translocating ATPase similar to those found in erythrocytes (18) , fibroblast microsomes (19) , sarcoplasmic reticulum (20, 21) , and Streptococcus faecalis (15) , that is inhibited by CCCP and vanadate and is not detectable as a Ca2+-stimulated ATP hydrolyzing activity. Several lines of evidence make this possibility unlikely. In Fig. 4 *, initial rate of 45Ca2+ uptake. At each Mg2+/ATP concentration, uptake was measured 1 min after adding 2 pl of 2.5 mM 45CaC12, and initial rates of uptake were determined from these data after correction for nonspecific binding. Points indicate the average of duplicate determinations.
conclusion that Ca2+ accumulation is energized via ATP hydrolysis catalyzed by the electrogenic plasma membrane ATPase.
Evidence for a Ca2+/H+ Antiport Mechanism. The facts that energized Ca2+ uptake is driven by ATP hydrolysis catalyzed by the electrogenic plasma membrane ATPase and that this process is inhibited by CCCP strongly suggest that ATP hydrolysis and Ca2+ transport are coupled via a Ca2+/H+ antiporter. However, because an unexpected mode of action of CCCP is possible (for example as a Ca2+ ionophore), and as it
has not yet been unequivocally demonstrated that the electrogenic plasma membrane ATPase is a proton pump, we sought additional evidence concerning the involvement of a Ca2+/H+ antiporter in the mechanism of Ca2+ uptake.
Because the ionophore nigericin facilitates the electroneutral transmembrane exchange of H+ and K+ (22) , nigericin in the presence of a concentration gradient of K+ (out > in) should inhibit Ca2+ accumulation by the vesicles if this process is driven by antiport of Ca2+ for HW. Fig. 5 demonstrates that Mg2+/ATP-dependent Ca2+ uptake was markedly inhibited by K+ and nigericin together but was essentially unaffected by K+ or nigericin alone. Although not shown, the degree of inhibition increased as a function of the K+ concentration from 0 to 20 mM.
The effect of the permeant anion SCN-on Mg2+/ATPdependent Ca2+ uptake provides additional support for a Ca2+/H+ antiport mechanism. It is clear from earlier results that ATP hydrolysis catalyzed by the plasma membrane ATPase leads to the generation of an interior positive At, and it is likely that H+ is the electrogenic species (23) . Depending upon various factors, including the anion permeability of the vesicle membrane, the size of the vesicles, and the intravesicular buffering capacity the enzyme may also generate, in addition to lid a chemical proton gradient, ApH. The sum of A4\ and ApH is the total electrochemical proton gradient (24) . Because Ca2+ accumulation is energized via the electrogenic ATPase, then At, ApH, or both, must constitute the driving force for Ca2+ uptake. SCN-can be used to determine which of these is coupled to Ca2+ accumulation. Due to the charge and permeant nature of SCN-, this ion can be used as a probe for monitoring AA~t (interior positive) when used at a sufficiently low concentration. Increasing amounts of SCN-will progressively dissipate Ai/{ by charge neutralization but should not collapse the transmembrane pH gradient. The effects of increasing concentrations of SCN-on Mg2+/ATP-dependent Ca2+ uptake and Mg2+/ATP-dependent ['4C]SCN-uptake (A4', generation) are shown in Fig. 6 . It can be seen that the stimulation of Mg2+/ATP-dependent Ca2+ uptake as a function of the SCN-concentration correlates well with the dissipation of /A46. Although it is possible to envisage several mechanisms by which SCN-might stimulate energized Ca2+ uptake, the precise nature of the effect is presently unresolved. In any case, the most important point made by this experiment is that Mg2+/ATP-dependent Ca2+ uptake is maximal in the absence of /A4. Thus, A4I cannot be an obligatory component of the driving force for Ca2+ uptake. Because Ca2+ uptake is energized by the electrogenic ATPase and i\{ is not the driving force under the conditions of this experiment, ApH must be. Taken together, the experiments described above constitute strong evidence that energized Ca2+ uptake catalyzed by the isolated Neurospora plasma membranes operates via a a+ H+ antiporter.
DISCUSSION
The results presented in this communication demonstrate the existence of an active transport system for Ca2+ in the plasma (25) (26) (27) (28) , and in view of both the diversity of cell types now known to extrude Ca2+ and the apparent intracellular toxicity of this ion (29) , it seems likely that all cells possess a system for Ca2+ extrusion (18, 27, 29) . In many cell types, the maintenance of a low cytoplasmic concentration of Ca2+ relative to that of the extracellular environment enables the transient entry of Ca2+ into the cell to be used as a trigger or "second messenger" in a wide variety of cellular regulatory mechanisms (25, 27) .
The discovery of an active transport system for Ca2+ in Neurospora opens two important avenues for future research. First, it provides a useful system for investigating a specific molecular mechanism for ion translocation in a eukaryotic plasma membrane, and second, it raises the possibility that changes in the cytoplasmic concentrations of Ca2+ play an important role in cellular regulatory processes in Neurospora.
